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Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/5/4/eaau1380/DC1) Data file S1 contains the following supplementary tables (Excel file): Table S2 . Sample, chemistry, AMS, and blank data for all 10 Be samples presented and used in this study. Table S3 . TCN exposure-age production-rate comparison tables. Table S4 . Results of TCN exposure-age dating presented and used in this study and reduced χ 2 analysis. Table S5 . Results from OSL dating, including the environmental dose rates to grains of quartz. Table S6 . Radiocarbon sample data and results of radiocarbon analyses presented in this study. Table S7 . Data for exposure age determination (CRONUS). Table S8 . Input for CRONUS online calculator. Table S9 . Input for CREp (Cosmic Ray Exposure program) for calculating exposure ages. Table S10 . Age model outlier-detection analysis. Table S11 . Bayesian sequence model (OxCal output). Table S12 . Summary of Bayesian model boundaries, ages, retreat rates and uncertainties. Each plot shows typical length profiles perpendicular to the GZW 'crest' or highpoint. Longest (Q3) dimension (blue); shortest (Q1) dimension (red); median (Q2) dimension (green). 'Length' is always in the direction of former ice flow. For smaller features only the median profiles are shown for clarity. Bottom-right panel shows cross-sectional profiles of other subaqueous moraines (not GZWs) relating to late-stage ice-sheet retreat in waters adjacent to the Minch. To aid comparison, all panels are shown at same scale. Note horizontal axis is ~150 x vertical axis. Fig. S4 . GZW morphological metrics derived in this study. (a) GZW length plotted against distance along trough (from the shelfbreak). Note the two populations of GZWs: longer (larger) GZWs occur on soft bed; whilst shorter (smaller) GZWs occur on hard-bed. (b) GZW volume plotted against distance along trough (from the shelfbreak). Horizontal lines represent mean volume of GZWs on soft bed (dark red) and hard bed (light brown). (c) GZW spacing plotted against distance along trough (from the shelfbreak); linear-regression trend lines shown with rvalues for both populations (hard and soft bed). (d) GZW length plotted against GZW thickness for the MnIS (dark red, soft bed; light brown, hard bed). Morphological data from other mapped GZWs on high-latitude glaciated margins shown for comparison (grey points and grey linearregression trend line). Other GZW data from (21).
Fig. S5. Probability density function plots of 10
Be TCN exposure ages used in Bayesian sequence model. Note: North Rona data recalculated from (54); Strollamus data recalculated from (53). Age (in ka before present) on horizontal axis; probability on vertical axis. (70) and CREp (71). Of these three calculators both CRONUS and CREp allow users to calculate exposure ages using a variety of user-defined production rates, whereas CRONUScalc only calculates ages using the primary production-rate database of the CRONUS-Earth project (72). Additionally all calculators allow users to calculate ages using a choice of nuclide scaling schemes. The effect of this democratization of calculation methods is that there are now numerous combinations of calculator, production rate, and scaling scheme that produce exposure ages that are not all directly comparable. The change in ages produced by any combination is broadly systematic, thus for any discussion of timing of events and rates within a single SED dataset (as in this study) the conclusions are independent of the calculation method. However, for comparison with other proxy data independently constrained in time (e.g. δ 18 O in ice cores or radiocarbon ages) the choice of calculation method becomes important. For comparative purposes we present exposure ages calculated using all three online calculators and a selection of plausible production rates in Table S3 . We limit our selection of production rates to the global calibration datasets within the CRONUS, CRONUScalc and CREp calculators and to locally derived production rates (73, 74, 75) with independent-age control from geographically proximal locations. This is because a recent synthesis of the CRONUS-Earth production rate calibrations suggests that there is a bias in production rates depending on geographic location and altitude (76) . Recent work has demonstrated that there is no discernible improvement in the fit to calibration data when using Lal-based scaling or Sato-based scaling schemes at low altitudes in the non-polar high-latitudes (72). In light of this, and the fact that v2.3 of the CRONUS calculator does not include the Sato-based scaling schemes, we calculated ages using the Lalbased 'Lm' scaling only.
For any given sample, the nine calculation methods produce exposure ages that yield acceptable 2 statistics (see Table S3 ) indicating that calculated-age spread is due to systematic uncertainties within the calculation methods and calibration data. Additionally, none of the ages for a given sample lie outside the 95% confidence interval or can be considered outliers on the basis of Chauvenet's criterion or a Grubb's test. We therefore consider our results to be broadly insensitive to the choice of calculation method. For brevity, we limited further analysis to ages calculated using the CREp online calculator (71), Lm scaling and the regional 'European' production rate. The ages produced using this approach are almost identical to the median value of the nine different calculation methods presented in Table S3 . We propose that these ages, along with their associated uncertainties, are therefore a reasonable representation of the uncertainty inherently introduced when choosing a calculation method. It is worth re-iterating that variations in ages are systematic, within any chosen calculation method, and thus would not affect our calculations or interpretation of rates and relative timings of events We did not make any correction for persistent and deep snow cover which can act to reduce the cosmic-ray flux and hence the nuclide production rate. Our samples were all taken from low elevation sites where winter snow would not normally be expected to persist >3 months a year. Additionally, high winds are prevalent in western Scotland, and have been throughout the present interglacial; these would act to strip snow from upstanding boulder surfaces.
Land uplift results in a sample experiencing progressively lower atmospheric pressures and therefore increased cosmic-ray fluxes, which increases the in situ production of cosmogenic nuclides. As a result, samples that accumulated a proportion of their nuclide inventory at a slightly lower altitude than present will have exposure ages that underestimate the true exposure age by an amount proportional to the rate uplift occurred. However, without independent constraints on the rates and patterns of uplift, applying a correction factor for isostatic uplift is problematic. Given the difficulties in constraining rates and patterns of land uplift for sites with different deglaciation histories located at various distances from the centre of ice loading, no correction has been made for isostatic rebound. Currently no regional isostatic models of land uplift exist for this part of the British Isles spanning this time interval (30-20 kyr BP). However, it is worth noting that ice-sheet-wide GIA models indicate that land uplift (isostatic rebound) is likely to have been most rapid during the latter stages of deglaciation, after ~16 kyr BP (77, 78), reducing the effect on the apparent exposure ages reported here.
Finally, weathering removes surface material containing a proportion of the accumulated nuclides and reveals material that was previously shielded. Consequently, in those cases where no account of surface loss is considered, sampling will result in an underestimation of the true exposure age. In general, rates of surface loss through weathering on hard crystalline rocks in glacial environments are low (c. 2 mm kyr -1 ) (79). Weaker, more friable lithologies, can experience sporadic episodes of exfoliation and/or granular disintegration (80, 81) which may lead to higher rates of surface loss. All samples in this study were collected from hard to extremely hard resistant lithologies (e.g. Lewisian gneiss, quartzite, granite, Torridon Group sandstone). We avoided boulder surfaces where spalling or exfoliation was suspected and we did not sample boulder edges to reduce the potential effects of angular granular disintegration. We therefore consider significant (> 20 mm) surface loss since deposition to be unlikely but we include a correction factor of 1 mm kyr -1 in our exposure-age calculations, in line with most previous studies in Scotland (e.g. 53, 54, 75, 82) . Assumption of no surface loss ('zero erosion') for samples analysed using 10 Be generally produces exposure ages ~1% younger; and assumption of 2 mm kyr -1 produces ages ~1% older. The choice of 'erosion rate' would not affect the interpretations or conclusions of this work.
OSL age-determinations: additional considerations
Five screening criteria were applied to the resulting data throughout the analyses unless otherwise specified. Grains were screened based upon whether (1) the test dose response was greater than three sigma above the background, (2) the test dose uncertainty was less than 20 %, (3) the recycling and OSL-IR depletion ratios were within the range of ratios 0.8 to 1.2, (4) recuperation was less than 5 % of the response from the largest regenerative dose (150 Gy) and (5) the single-grain equivalent dose (D e ) values were not from a population of very low doses that were identified by the finite mixture model (FMM) to be inconsistent with the geological context of the sample (i.e. < 1 kyr). The associated uncertainties were taken into account when applying the screening criteria. D e values were then calculated for all grains that passed the screening criteria, incorporating the uncertainty from instrument reproducibility of 2.5% (66). The single-grain D e values determined for each sample are shown in fig. S6 .
The proportion of grains that gave D e values for each sample varied from 3% (T8GABB01) to 8% (T8SKIG01 and T8SKIG02) (Table S5 ). This variability between the samples was related to the distribution and magnitude ( fig. S6 ) of OSL signal intensity emitted by the quartz grains. The bright OSL signals emitted from a large proportion of quartz grains from Port Na Skigersta are in contrast to previous reports of weak OSL signals in quartz from NW Scotland (83). Lukas et al. (83) reported low sensitivity and a weak fast component in the OSL signals of quartz for three samples from supraglacial and ice-proximal glaciolacustrine sediments obtained from Younger Dryas ice-cap moraines in mainland NW Scotland. We suggest that there may be lithological reasons as well as site-specific, depositional-process related, reasons for the strong differences in OSL signals. Quartz (sand) grains sampled from glacigenic sediments in N and E Lewis are likely to be derived from Permo-Triassic (New Red Sandstone Supergroup), Torridon Group sandstone, Lewisian gneiss complex and/or Cambrian quartzite rocks; whereas quartz grains sampled in previous studies (83) are likely to be largely derived from Moine psammite rocks or minor igneous intrusions. It is also possible that the specific glaciological setting may explain the low sensitivity OSL signal in mainland NW Scotland from ice-proximal fan deposits (83), when compared to the high sensitivity signal in NW Lewis from generally well-bleached waterlain deltaic and glaciofluvial sediments sampled in this study (Port Na Skigersta and Garrabost).
The single-grain D e distributions of samples T8SKIG02 and T8GABB01 ( fig. S6 ) are symmetrically distributed around a central value, meaning that the the central age model (CAM) could be used to determine ages for these two samples (Table S5) . The minimum age model (MAM) (84, 85) was used to determine an age for sample T8SKIG01, owing to its asymmetrical D e distribution and probable heterogeneous bleaching history prior to burial (Table S5) . A σ b value of 0.2 was used to quantify the amount of scatter in the well-bleached part of a partially bleached D e distribution for the MAM, based on the amount of scatter characterising the singlegrain D e distributions of samples T8SKI02 and T8GABB01. The CAM or MAM D e values were then divided by the environmental dose-rates to determine ages (Table S5) .
Radiocarbon dating methods and age models
Marine shells (articulated, single or broken valves) at key stratigraphic horizons within cores were identified, using a Geotek XCT X-radiography core scanner, and subsequently sampled. Where no macrofossils could be identified cold-water carbonate microfossils (benthic foraminifera) were sampled from mud (silt/clay) grade material. Radiocarbon ages for eighteen samples are reported here (Table S6) , from marine carbonate fossils (shells and foraminifera; >0.005 g) submitted for radiocarbon analyses to the NERC Radiocarbon Laboratory in East Kilbride, Scotland. The outer 20% by weight of the shells was removed by controlled hydrolysis with dilute HCl, but foraminifera samples were not etched. All samples were then rinsed in deionised water, dried and homogenised. A known weight of the pretreated sample was hydrolysed to CO 2 using 85% orthophosphoric acid at room temperature. The CO 2 was converted to graphite by Fe/Zn reduction, with AMS analyses conducted at East Kilbride (SUERC) ( Table S6 ). Very small samples were hydrolysed to CO 2 using 85% orthophosphoric acid at room temperature, the gas was converted to graphite by Fe/Zn reduction. These small samples were measured at Keck C Cycle AMS Lab, University of California (UCIAMS) ( Table  S6) .
Although not incorporated in our Bayesian model, the suite of AMS radiocarbon dates produced in this study can be used to independently cross-check the timing of ice stream retreat and ice shelf collapse offshore NW Scotland. The oldest radiocarbon ages from each sediment core sampled (Main text, Fig. 1 and Table S6 ) provide supporting minimum dates for the timing of ice-stream deglaciation in the Minch. All of the 18 AMS radiocarbon dates fall within MIS2 (i.e. >11.5 kyr, <25.0 kyr) and importantly none of the dates stratigraphically or spatially contradicts the chronology developed from our TCN-and OSL-derived Bayesian modelling (see Methods and figs. S5-S7). Radiocarbon dates from marine cores have been calculated and converted from conventional radiocarbon years using OxCal 4.2 (26) and MARINE13 (86). Calibrated ages are presented in years BP (i.e. before 1950 CE) as the mean of the two-sigma uncertainty, with a marine-reservoir correction (Delta R) = 0. See Table S6 for full uncertainties and chronological data.
Supplementary Text for Results Identification and classification of grounding-zone features
Grounding-zone wedges (GZW) are large seafloor asymmetric accumulations of glacial diamicton usually orientated transverse to ice flow and occupying part or all of the width of bathymetric troughs. GWZs 1 to 17 show structureless, semi-transparent to chaotic acoustic signatures typical of glacial diamict (= till). The GZWs in the Minch are between 2 and 10 km long in the down-ice flow direction, with several occupying the full width of the trough (30-45 km wide). Those closer inshore are discontinuous only occupying 30% to 50% of the total trough width. Other important shared morphological characteristics of the GZWs in the MnIS trough include: very broad or poorly defined crestlines; a slope-length asymmetry index of between 2-4; and a general similarity of slope angles irrespective of size. Some of the GZWs closer to the Scottish mainland (e.g. GZW 15 & 16) are heavily furrowed by large iceberg scours and ploughmarks.
GZW2 has a somewhat unusual hybrid morphology: asymmetric, low-relief and wedge-like in the north; and more symmetrical with pronounced relief and steeper slopes (>0.01) further south. However, acoustic profiles (this study) and limited geological sampling (19, 47) show the same internal character and diamictic lithofacies as the other large GZWs hence our classification. In addition, at the continental shelf edge in ~200 m present-day water depth, is a suite of broad shelf-edge-parallel sediment ridges (20-40 m high; 1-4 km wide; 20-30 km long). These seabed ridges have broadly symmetrical cross profiles unlike GZWs. They have been previously mapped and defined as morainal banks (or large subaquous end moraines) probably marking the terminus of the grounded ice sheet on the outer continental shelf (16, 17, 20) . The outermost of these is termed 'Moraine S' in this study, to distinguish it from the GZWs (Fig. 1) ; it is not included in the morphometric comparisons.
Geological and geomorphological evidence for palaeo-ice-shelf existence and collapse
Two main lines of evidence strongly indicate the former presence of an ice shelf (or large ice tongue) fronting the MnIS during Late Weichselian deglaciation: 1) submarine glacial geomorphology, and 2) sediment facies within seabed cores.
High-resolution MBES data from the central and inner parts of the MnIS trough reveal a wellpreserved submarine landform assemblage diagnostic of an ice shelf (or large floating ice tongue) and its subsequent breakup (Main text, Fig. 3. and fig. S8 and S9 ). This geomorphological evidence is consistent with, and builds on, geological evidence of ice-shelf breakup identified elsewhere (27, 28, 87, 88) .
We map 17 grounding-zone wedges (GZWs) in the ice stream trough. These broad ramp-like asymmetric ridges form at the junction between grounded and non-grounded (or partially floating) ice at the ice-stream/ice-shelf transition. Sediment builds up in the limited vertical accommodation space typically found in the sloping cavity between the ice-shelf and the bed (seafloor) giving rise to their characteristic low-angle asymmetric morphology (e.g. 21, 88).
The submarine landsystem around GZW15 indicates that an ice shelf or large floating ice tongue, broke away from the ice front as the calving front intersected the grounding line. The geomorphological evidence shows that this large ice mass drifted and broke up seawards (to the N), grounding in places on GZW15 as it did, carving large linear furrows with wide u-shaped cross profiles. An unusual complex of interconnected rimmed seabed depressions and mounds may represent the imprint of the underside of this ice mass as it partially grounded in shallower water (<80 m deep), ~5 km E of GZW15, carving oddly shaped hollows and ploughing keels and ridges in sediment. We have not seen an equivalent feature described in the literature. Smaller, but still relatively large, iceberg scours with randomly orientated paths occur upstream of GZW15 in water depths of up to 120 m, indicating that once the floating ice front had collapsed the marine margin continued to calve large icebergs as it adjusted to new glaciodynamic conditions and continued to retreat into deeper water. Other submarine landforms and deposits relating to the ice-front breakup event are highlighted in fig. S8 .
In 2015 we took 38 geological cores of seabed and sub-seabed sediments from within the flow path of the former MnIS. Seabed cores were taken using the BGS vibrocorer (6 m barrel) and NOC / NMF piston corer (9 m and 12 m barrel), depending on the nature of the seabed and subseabed sediment. Detailed examination of the sediment facies within cores 020PC to 033PC show that they are indicative, indeed diagnostic, of a rapid transition from a grounded to a floating (ungrounded) ice-sheet margin, probably an ice shelf or floating ice tongue. This was followed by (?rapid) ice-front/ice-shelf breakup and the establishment of proximal glaciomarine, followed by open-marine, conditions. The representative sediment facies, selected core logs, Xray stratigraphies and physical properties are shown in fig. S9 . (For core locations see fig. S3 and fig. S8 ).
Sediment facies within cores JC123-031PC and JC123-021PC are divided and interpreted, on the basis of physical sedimentological, geophysical, and X-radiographic measurements ( fig. S9 ).
Facies I is a weakly stratified gravel-rich diamicton with wispy laminae interpreted as waterlain till deposited close to the grounding line of a large glacier. Facies II is a strongly, but very finely, laminated mud (silt and clay) with intercalated terrigenous sand and fine-gravel laminae and only very rare outsized gravel clasts. We interpret this as being deposited within an ice-shelf or icetongue cavity proximal to the grounding line. This facies fines upwards gradually, and lacks the coarse terrigenous sand fraction near its top indicating an increased distance from the grounding line. Facies III is a mixed unit containing massive and stratified thin diamicton layers, mud-rich sandy gravels and gravelly muds, with weak lamination and deformation structures in places. This unit is indicative of a rapidly changing depositional environment, switching from sub-iceshelf to proximal grounding-line facies, associated with rapid grounding-line migration and brief but high-volumes of iceberg-rafted detritus and turbid meltwater outflows. In core 021PC this unit is represented by a massive to weakly stratified diamicton with deformation structures overlain by a gravelly mud unit with strong deformation (slump) structures. In this core Facies III is interpreted as (one or more) mass-flow unit(s) formed by a large (ice-tongue-breakup) iceberg ploughing across the surface GZW15 and reworking subglacial, grounding-line, diamicton material downslope. We genetically equate Facies III in cores 031PC and 021PC; but note they are not time-equivalent units. Facies IV is a rhythmically laminated low-density mud facies with well-defined silt/clay couplets and rare isolated gravel clasts (dropstones). This facies encompasses a proximal glaciomarine facies with meltwater deposited cyclopels, typical of tidewater glacier 'calving bays' (22, 23) formed immediately after ice-shelf collapse ( fig. S8 and S9).
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